In both H. bolina and M. leda (and other butterfly species : Shreeve 1987; Alcock 1988 ) the relevance of age to territoriality under field conditions has been evidenced from success rates in individual contests, usually in multiplevariable models in which residency status is statistically controlled (necessary because territorial residents win most of their contests: Kemp and Wiklund 2001) . Although this approach should prove reliable given a large contest sample size, a more sensitive indication of what determines reproductive success could be given by a comparison of incumbent residents versus non-resident males competing to obtain residency (e.g. Kemp and Alcock 2003) . This comparison is likely to be more sensitive because the ability to obtain and maintain residency will require winning many contests, and therefore, a survey of residents versus non-residents would summarise information from many individual events (refer to Leimar and Enquist (1984) for a game theoretic treatment of this issue). Second, given that these males employ a sitand-wait mate-locating tactic, and that the arrival of receptive females is very unpredictable (Rutowski 1992) , it logically follows that male mating success should relate to the time spent at a high-quality encounter site. A survey of who is in sole residency of a sought-after encounter site therefore also more closely approximates the mechanism by which males achieve reproductive success (rather than a survey of who wins individual contests).
Here I investigated the biophysical correlates of residency at highly-sought-after field territories (see Methods) in H. bolina and M. leda. My aims were two-fold. First, I aimed to use this more sensitive approach to confirm the previously reported effects of age upon competitive ability in each species. Second, I aimed to contrast any putative age effect (upon residency) with potential covarying effects due to lifetime changes in flight morphology and physiology. If the territorial contests are settled due to asymmetries in flight performance, then residency should relate more closely to the morphological and physiological determinants of flight performance (which may covary with age), rather than age per se. Given that relative flight musculature (i.e. the 'flight muscle ratio' (hereafter, FMR) : Convey 1989; Marden 1989a; Coelho and Holliday 2001) and relative energy stores (Marden and Waage 1990; Plaistow and Siva-Jothy 1996; Kemp and Alcock 2003) have been previously related to aerial-contest success in insects, I focused on these two physiological flight-performance parameters in my preliminary evaluation of this hypothesis.
Methods

Study species and contest behaviour
Male H. bolina and M. leda both defend perching sites located in similar forest-clearing and forest-edge habitat throughout most of the year in north Queensland. Hypolimnas males have an extended daily activity period, ranging from 0800 to 1700 hours (Rutowski 1992; Kemp and Rutowski 2001) , whereas M. leda are active only for a 25-35-min period following sunset (i.e. they are crepuscular: Kemp 2002c). The general perching behaviour of both species is typical for territorial butterflies, and is described in detail elsewhere (see Rutowski 1992 [H. bolina] and Kemp 2002c [M. leda] ). The males of each species also exhibit reasonable fidelity to individual perching sites; in H. bolina this can range up to 54 days (Kemp 2001) , whereas in M. leda it can range up to 23 days (Kemp 2002c) .
The primary behavioural difference between these two species (apart from the time of day in which they are active) concerns the nature of their territorial interactions. In H. bolina these consist of non-contact manoeuvres in which two combatants circle around each other with relatively constant intensity until one male quits and departs with a stereotyped 'flap-glide' style of flight (Rutowski 1992) . These interactions have been observed to last up to 10 min in the wild (author's unpublished data). By contrast, M. leda contests consist of an initial, brief (<10 s) high-speed circling interaction followed by a more protracted (1-2 min) rhythmical looping phase, after which one male departs at high speed (Kemp 2003) . In neither species do the interactions escalate to a more 'violent' phase involving physical contact.
Field sampling protocols
I conducted this study at a series of territories located near Cairns in north Queensland, Australia (16°53′S, 145°45′E), from 14 December 2002 to 31 January 2003. The chosen territories have featured in several previous investigations into each species' behavioural ecology (refer to Kemp 2000 Kemp , 2002c Kemp , 2003 Kemp and Rutowski 2001) , and are highly sought-after perching locations (as adjudged by the frequency of occupation by territory residents and rates of intrusion by non-residents). In the case of both species, these locations are distinctive due to the geometry of surrounding vegetation, and occur at forest edges, clearings, and at 'bottlenecks' along open vegetative corridors. They are not obviously centred upon adult or larval food resources (refer to Rutowski 2001 [H. bolina] and Kemp 2002c [M. leda] ). Work involving H. bolina was conducted during the mid-morning hours (i.e. 0900-1200 hours), whereas M. leda was studied during its 25-35-min evening flight period.
I used the same core sampling methodology for each species, which consisted of (1) identification and marking of perching residents, (2) recapture of residents after a specified interval (at least 1 day), and (3) capture of subsequent territorial replacement males. I began by surveying the territories and capturing, marking and releasing males perching in the area. Males were marked on their ventral wing surface with a green ultrafine permanent marker (Sanford Sharpie brand). I classified a bona fide resident as any male that was seen in sole attendance at his site of capture on a following day (usually the very next day). Once a resident of this nature was identified, I caught him and then endeavoured to capture the next two males that flew in to perch at the site on that day (so-called 'replacement residents'). Capture of the next two replacement residents allowed some replication for the sample of non-resident males at each territory each day (see also the use of this technique by Kemp and Alcock 2003) . Only those cases in which I managed to capture at least one same-day replacement male were retained for analysis, and where two replacement residents were captured, I averaged their parameter values (see below). The data thus consisted of a series of values for residents that were effectively paired with the values for the replacement (or the mean of the two replacements). Throughout the study I also endeavoured to catch, mark and release any unmarked males that perched in proximity to the study area, including new arrivals to freshly vacant territories.
Morphological and physiological analyses
Following capture, individuals were placed in glassine envelopes and transported to the laboratory in an ice-filled polystyrene cooler. Each animal was killed by freezing and weighed (to the nearest 1 mg) using a Sartorius BP 210 s model digital balance. I then isolated the thorax and abdomen (minus wings and legs), weighed them, and placed them in a drying oven at 60°C for 4 days. After drying, the body parts were reweighed and analysed for lipid content using a microsoxhlet apparatus (refer to Marden 1989a; Marden and Waage 1990) . Samples were placed in a fat-free cellulose thimble (Whatman 19 × 50 mm) plugged with cotton wool, and exposed to refluxing petroleum ether for 8 h. This period of time is adequate for complete extraction of abdominal lipids from H. bolina and other similarly sized insects (refer to Kemp 2002a; Kemp and Alcock 2003) . Remaining tissues were dried for a further day at 60°C before reweighing, and I calculated lipid mass by subtracting post-extraction dry weight from pre-extraction dry weight.
I also measured the length of each specimen's forewing (from apex to insertion) as a measure of body size, and assessed age on a five-point scale based upon wing wear. The wingwear assessments utilised the degree of 'fraying' of the wingtips, which has previously been shown as a reliable indicator of age in H. bolina (each age class can be assumed to represent ~20 days of life in this long-lived species : Kemp 2000) . This technique of ageing has been widely used in studies of butterflies (e.g. Karlsson 1994; Stjernholm and Karlsson 2000) and other insects (e.g. Plaistow and Siva-Jothy 1996; Plaistow and Tsubaki 2000) , although it has not been specifically validated for M. leda. I consulted a set of preserved specimens representing each age class to ensure that the assessments were accurate and that butterflies were aged in a similar manner to that used previously in each species (e.g. Kemp 2000 Kemp , 2002a Kemp , 2003 . The relationship between wing wear and age is assumed to be equal for residents and non-residents in both of these species.
All measurements (including wing-wear estimates) were made blind with respect to the specimen's residency status.
Statistical treatments
I used the standardised residuals from least-squares regressions of (a) fresh thorax mass, minus thoracic lipid mass (dependent variable), against total fresh body mass, and (b) lipid mass (dependent variable) upon fatless fresh body mass, to determine the values of relative flight musculature (FMR) and relative energy stores, respectively. Regressions were calculated separately for each species. This approach was used to yield measures of flight muscle and energy stores relative to flight load (body mass) and follows the methodology of Marden and Chai (1991) , Marden and Rollins (1994) and Plaistow and Tsubaki (2000) . These parameters are believed to offer the best surrogate measures of (1) likely muscular power (thus acceleration and manoeuvrability) and of (2) the likely energetic expense of flight (Marden and Rollins 1994; Kemp 2002a; Berwaerts et al. 2002) .
I tested the effects of morphological and physiological parameters, including FMR, relative energy stores, forewing length and the index of age (wing wear), upon male territorial status using multiple logistic regression. Given that residents were partly matched to replacements (i.e. by territory and day), I employed a modified, within-subjects analysis by randomly designating one individual of each pairing as the focal individual, and subtracting his parameter values from those of his paired partner (or the mean of his two partners). The subsequent logistic regressions were carried out with the binary dependent variable coded as 0 or 1, indicating the focal male as either a replacement or resident. These analyses evaluated the ability of the predictor variables to explain the probability that the focal male was a resident. In all regressions I specified the maximum-likelihood loss function and selected the most parsimonious model as the one that minimised Akaike's Information Criterion (AIC). This criterion is a derivative of the loglikelihood function that better facilitates direct comparison between models containing varying numbers of parameters (Burnham and Anderson 2002) .
Owing to the large number of single-variable statistical comparisons that could be made (i.e. concerning all ten parameters for each species as listed in Table 1 ) and the problems associated with assigning appropriate significance levels, I refrained from undertaking individual significance tests. Rather, I calculated Cohen's d as a sample-sizeindependent measure of effect size for each contrast, and interpreted these in relation to the subjective classifications of 0.8, 05 and 0.2 as representing large, medium and small effects, respectively (refer to Cohen 1988) . The key significance test for the biophysical parameters of interest was then provided by the logistic regression analysis.
Results
I sampled a total of 55 male H. bolina (20 residents and 35 non-residents) and 36 male M. leda (13 residents and 23 nonresidents). Effect size estimates suggest that the largest difference between residents and non-residents in each species related to age (i.e. as adjudged by wing-wear). In H. bolina, residents tended to be older, whereas resident M. leda tended to be younger. Aside from age, there appeared to be a trend towards resident H. bolina being larger (in terms of body size but not fresh mass), having lighter abdomens and possessing lower relative energy stores, but greater FMR, than nonresidents. In M. leda there appeared to be a trend towards Lifetime patterns of butterfly contest behaviour The most informative model of residency in each species contained age as a single predictor, and each model proved highly statistically significant (H. bolina: AIC = 13.93, G 1 = 17.80, n = 20, P < 0.00005; M. leda: AIC = 10.63, G 1 = 11.32, n = 13, P < 0.001). These results (illustrated by Fig. 1 ) clearly demonstrate that old male H. bolina and young male M. leda were respectively favoured for territorial residency, and that no other parameter provided better or additional information regarding residency status.
Discussion
The clear result of this study is that patterns of territorial residency in each species were best predicted by variation in male wing wear. To the extent that wing-wear represents male age, this result confirms the findings of prior fieldbased research into age (or wing wear) effects based solely upon individual contests (see Kemp 2000 Kemp , 2003 . This result also supports the game-theoretic expectation that, in the presence of intrapopulation variation in resource-holding potential (RHP), higher RHP individuals should accumulate as territorial residents (Leimar and Enquist 1984) (based upon the assumption from this previous empirical work that wing wear is correlated with RHP). Given that an effect size value of d = 0.8 is recognised as a strong effect (Cohen 1988) , the observed effect sizes of 1.5 and 1.2 (Table 1) provide solid confirmation that age is the causal RHP element in each of these two systems (or is otherwise closely related to the causal element). However, as a key life-history trait, age is likely to covary with a range of potentially contest-relevant parameters (Plaistow and Siva-Jothy 1996) , and the challenge now is how to interpret these proximate age effects.
Prior reports of age effects upon contest ability in territorial insects have been mostly interpreted in light of lifetime changes in general physical condition (i.e. the accumulation of injuries : Eickwort 1977; Hastings 1989 ) and/or energy reserves (Marden and Waage 1990; Marden and Rollins 1994; Plaistow and Siva-Jothy 1996; Kemp and Alcock 2003) . Flight energetics has also been invoked as an important determinant of male reproductive success in lekking or swarming insects that compete via scramble competition (e.g. Petersson 1989; Sartori et al. 1992; Yuval et al. 1998) . In all cases, a lifetime reduction in flight ability/efficiency is thought to result from the depletion of energy stores; hence, this type of (candidate) explanation appears most potentially relevant to the young male advantage observed in M. leda. However, the present data do not support this idea. Although the sample size for the M. leda residency contrast is relatively reduced (i.e. n = 13), the effect size of both absolute (0.468) and relative (0.488) energy reserves is still less than half that due to age (1.233). These energetics effect sizes are also nearly identical to those observed for H. bolina, where successful males tended to have fewer lipid reserves, which lends more weight to the notion that energetic status is simply a covariate of the true causal variable (i.e. age itself, or a very close correlate). Another interesting comparative Age difference (wing wear classes) Probability of residency ]). The x-axis depicts age as the difference (in wing wear classes) between a focal male (either a resident or non-resident) and his paired opponent. point is that because H. bolina contests can last much longer than those of M. leda, we might expect energetic costs to prove more relevant in the former species. An energetically mediated young male advantage would therefore appear more likely to evolve in H. bolina, but in fact precisely the opposite appears true across these two species.
A second obvious way that age may affect aerial contest ability is through its potential effects upon body composition and/or flight muscle function (Marden 1987) , and hence, the ability for aerial manoeuvrability (a potentially important determinant of territorial butterfly RHP : Wickman 1992; Hernández and Benson 1998; Windig and Nylin 1999; Berwaerts et al. 2002) . Manoeuvrability could prove routinely decisive in these contests if more agile individuals are better able to manage the risk of injury and/or death (through collision with their opponent, vegetation and other objects, or predatory attack), thus affording them a relatively lower rate of cost accrual (Kemp 2002a) . The potential importance of this parameter is evidenced through the relationship of relative flight muscle mass (FMR) to territorial and/or mating success in dragonflies (Convey 1989; Marden 1989a Marden , 2000 , flies (Marden 1989b ) and wasps (Coelho and Holliday 2001) . Butterfly FMR has recently been empirically linked to flight performance (Berwaerts et al. 2002) , and is also tightly associated with the centre of body mass, a parameter that may act independently upon aerial contest performance due to its relationship with the body's radial moment of inertia (Srygley 1994) . However, here we again demonstrate in both studied butterfly species that territorial residency is more closely related to age (wing wear) than FMR, a result that weakens the hypothesis for manoeuvrability as an important contest determinant. Interestingly, the medium effect (0.571) in the direction of resident H. bolina possessing greater FMR suggests that this parameter increased with age among this sample, which contrasts with a prior finding for no such increase (Kemp 2002a) . The fact still remains, however, that the size of the FMR effect upon residency in this species is almost three times less than that of age (Table 1) .
Clearly, this study does not represent an exhaustive investigation of all of the potential morphological and/or physiological determinants of flight performance in these two butterflies. Lifetime changes in flight morphology and/or muscle function (Marden 1987 (Marden , 2000 , efficiency of energy utilisation (Marden and Rollins 1994) or wing morphology (Srygley 1994; Berwaerts et al. 2002) could all ultimately drive the age-mediated territorial effects reported here. Given that we estimated age based upon the extent of fraying of wing edges, wing-based flight performance determinants (such as wingloading, aspect ratio and centre of wing mass: Srygley 1994) appear as logical candidates for further study, particularly in M. leda (refer to Kemp 2002a for a limited treatment of wingloading in H. bolina).
However, the present results should also be considered along with those of a recent experimental study that failed to link body and wing morphology, including wingloading and aspect ratio, to aerial contest ability in the territorial butterfly Pararge aegeria (Kemp et al. in press ). The emerging literature on flight performance-related effects upon butterfly contests suggests that either a causal link is not present, or that the critical morphological and/or physiological determinants of flight performance differ from those of other insects that compete via similar aerial duels (e.g. odonates : Convey 1989; Marden 1989a Marden , 2000 Marden and Waage 1990; Plaistow and Siva-Jothy 1996) .
Perhaps the most interesting aspect of the present comparison concerns the opposing nature of the observed age effects. This result suggests against a common general explanation for how the territorial contests are settled, and may speak for the evolutionary lability of butterfly contest resolution mechanisms. Few additional studies involving age effects on butterfly contests have been published; however, Shreeve (1987) reported the lack of such an effect in Pararge aegeria (Nymphalidae), whereas Alcock (1988) made observations suggestive of a young male advantage in Astraptes galesus (Hesperiidae). Comprehensive investigations into age effects upon territorial butterfly behaviour are otherwise lacking, which makes defining the ultimate reason(s) for this apparently phylogenetically inconsistent pattern a challenging task. Given that the territorial interactions of the two presently studied butterflies are structurally different (refer to the earlier descriptions, as per Rutowski [1992] and Kemp [2003] ), one possibility is that persistence costs are imposed differently, thereby influencing different age-based settlement regimes. Alternatively, the crepuscular habit of M. leda (Kemp 2002c ) means that it is likely to differ from H. bolina on a range of ecological counts, including lifetime predatory regimes and thermal biology. These two species also probably differ in terms of lifespan per se, which could set the scene for the evolution of contrasting lifetime territorial strategies. Clearly, a more comprehensive evaluation of these possibilities would require insights from a much broader range of butterfly species, which would thereby facilitate an appropriate and phylogenetically controlled comparative analysis of the determinants of contest success in this group.
